The marine purple non-sulphur bacterium Rhodowulum euryhalinum strain DSM 4868 reduced dimethyl sulphoxide (DMSO) to dimethyl sulphide (DMS) chemotrophically with sulphide as electron donor. The oxidation of sulphide was correlated with the formation of polysulphides. R. euryhalinum reduced DMSO phototrophically with sulphide as well, but the amount of DMSO reduced in relation to sulphide oxidized was lower. The marine green sulphur bacterium Chlorobium wibrioforme strain DSM 8327 reduced DMSO to DMS phototrophically with sulphide and thiosulphate as electron donors. The extent of DMSO reduction was much less in the dark. Eight strains of purple sulphur bacteria -marine, brackish water and freshwater isolates -and another marine green sulphur bacterium showed a very weak capacity for DMSO reduction with sulphide or thiosulphate as electron donors in the light and dark, respectively.
INTRODUCTION
The organic sulphur compound dimethyl sulphide (DMS) enters the atmosphere in amounts of 19-51 Tg (10l2 g) annually (Kelly et al., 1994) . It has been suggested that DMS plays an important role in the global sulphur cycle (Lovelock et al., 1972) and in marine climate control (Charlson et al., 1987) . Most of the DMS is thought to be formed from the enzymic cleavage of dimethylsulphoniopropionate (de Souza & Yoch, 1995a, b) , an organic sulphur compound which is synthesized by many marine micro-and macroalgae (Reed, 1983; Keller et al., 1989; Karsten et al., 1990) .
Dimethyl sulphoxide is a common compound in terrestrial and aquatic environments (Andreae, 1980 ;  Sparling & Searle, 1993 ; Hatton et al., 1994a) . DMSO is formed from DMS either chemically (Brimblecombe & Shooter, 1986) or biologically (Hanlon et al., 1994; Kelly et al., 1994; Visscher & van Gemerden, 1991; Zeyer et al., 1987) . The generation of DMS by reduction of DMSO is performed by a variety of micro-organisms (Zinder & Brock, 1978; Jonkers et al., 1996) . Members of the purple non-sulphur bacteria (Rhodospirillaceae) carry out DMSO reduction in the light or dark with different organic compounds as electron donors (Ferguson et al., 1987) . Much work has been done on the DMSO reductase of Rhodobacter capsulatus : the enzyme terminates a proton-translocating respiratory chain (McEwan et al., 1991a) , is located in the periplasm (McEwan et al., 1985) , and contains a pterin molybdenum cofactor (MoCo) as its only prosthetic group (McEwan et al., 1991b) . However, as yet no report exists about the role of reduced sulphur compounds as electron donors for DMSO reduction in anoxygenic phototrophic bacteria.
All anoxygenic phototrophic bacteria investigated in this study are able to use reduced sulphur compounds such as sulphide or thiosulphate as electron donors for anoxygenic photosynthesis. These bacteria produce polysulphides and especially elemental sulphur as common intermediate products during light-dependent oxidation of sulphide and thiosulphate. Elemental sulphur is deposited either inside (Chrornatiaceae) or outside (Ectothiorhodospiraceae, Chlorobiaceae and some Rhodospirillaceae) the cells before it is slowly oxidized to sulphate, normally the end product of these oxidation processes (Fischer, 1984) . Little is known about how these bacteria can cope with reduced sulphur com- Brune, 1995) or thiosulphate (Eh 2S0;-/S20;-= -0.245 V ; Brune, 1995) relative to DMSO (Eh DMSO/DMS = +0.16 V ; Wood, 1981) , the reduction of DMSO to DMS is energetically favourable for these bacteria. In this study, we show that members of anoxygenic phototrophic bacteria are able to reduce DMSO with reduced sulphur compounds as electron donors. The pH of the medium was adjusted to 7-0 or 6.8 with sterile 2 M Na,CO, for C. vibrioforrne and P. aestuarii, respectively. The basal medium was partially supplemented with NaCl (from a 4 M stock solution) and MgC1, (from a 0.25 M stock solution) to produce brackish (final salinity 1-5O/0) or marine (final salinity 3.0%) media. E. vacuolata was cultivated using the medium of Imhoff (1988) . Substrates in the concentrations required were added with sterile syringes from the following filter-sterilized stock solutions : 0.1 M sulphide (previously neutralized with 2 M H,SO,), 1 M thiosulphate, 2 M acetate and 0.1 M DMSO.
METHODS
Cells were cultured phototrophically with acetate (5-10 mM), thiosulphate (5 mM) and sulphide (1 mM) as substrates before starting the experiments. Experiments were done in 58 ml glass bottles containing 25 ml N,-saturated basal medium and a 5 ml inoculum at 30 "C and a light intensity of 30 pmol s-' m-,. The bottles were sealed with gas-tight mini-inert valves (Supelco) . Two replicate experiments were performed. For cell suspension experiments with R. euryhalinurn, the preculture of cells was centrifuged (12500g, 4 "C, 20 min) and resuspended in N,-saturated basal marine medium to a final protein content of 41.2 mg 1-' . All bacterial samples were measured against sterile controls without cells.
Analysis of DMSO, inorganic sulphur compounds, DMS and protein.
For the identification of DMSO and inorganic sulphur compounds, liquid samples of 100-200 pl were removed from the culture medium with a sterile syringe. Sulphide, thiosulphate and polysulphides were determined by HPLC using a monobromobimane fluorescent la belling assay described by Rabenstein et al. (1995) . Elemental sulphur was detected by HPLC after extraction with chloroform as described by Rabenstein et al. (1995) . DMSO was measured as DMS after reduction with acidified stannous chloride (20 g SnC1,. 2H,O in 100 ml 37% HCl) for 90 min at 55 "C (Visscher & van Gemerden, 1991) .
For the determination of DMS, 100 p1 samples from the headspaces of the bottles were taken with a gas-tight syringe (Hamilton) and injected into a Shimadzu GC-14B gas chromatograph equipped with a flame ionization detector and a Carbopack B HT 100 column (length, 1.5 m; mesh, 60/80; outer diameter, 20.3 mm). Chromatographic conditions were as follows : oven, injector and detector temperature: 120 "C each; gas flow: 30 ml min-' for He (carrier gas) and H,, 400 ml min-' for air. Peak areas were recorded using Shimadzu classGClO software. For calibration, 58 ml glass bottles were filled with 30 ml N,-saturated freshwater, brackish or marine medium and mixed with different amounts of a DMS standard (100 mM, dissolved in pure methanol) for final concentrations of 0.01-1 mM. The bottles for calibration were incubated at 30 "C for at least 4 h before measurement.
Protein was determined according to Bradford (1976) . Table 1 summarizes the amounts of DMS produced by DMSO reduction in the presence of reduced sulphur compounds by several cultures of anoxygenic phototrophic bacteria after 2 or 3 d incubation. The highest measurable amount of DMS formed by chemical reduction of DMSO (0-5 mM) with sulphide (1.0 mM) in sterile anoxic controls in the light within 3 d incubation was 1-1 pM. No DMS was found in bacterial cultures without added DMSO. None of the strains oxidized DMS (1-3 mM) under photoautotrophic conditions (data not shown).
RESULTS

DMSO reduction to DMS with reduced sulphur compounds by several strains of anoxygenic phototrophic bacteria
All investigated purple sulphur bacteria from different habitats, marine, brackish water or freshwater, formed only minor amounts of DMS during 3 d incubation. The amount of released DMS was slightly higher in the light than in the dark (Table 1) . Since the organisms grew phototrophically in the light with sulphide or thiosulphate as an electron donor (data not shown), the higher amount of DMS produced might be explained by the higher number of bacteria in light-incubated samples.
Green sulphur bacteria normally grow only under strictly anaerobic conditions in the presence of reduced sulphur compounds and bicarbonate. The marine species used in this study, C. vibrioforme, forms extracellular sulphur globules from thiosulphate (Steinmetz & Fischer, 1982) . As can be seen from Table  1 , the organism was able to reduce more than 70% of the DMSO (0.5 mM) to DMS in the light and approximately 10% in the dark in the presence of acetate (5 mM) and thiosulphate (2.5 mM). DMSO reduction started immediately after addition of the substrate, and 
DMS concentrations increased linearly (data not
shown). Without acetate, C. vibrioforme reduced DMSO only in the presence of sulphide (1 mM) and thiosulphate (1 mM) as well (Table 1) . DMSO reduction was a strongly light-dependent process (Fig. 1) .
P. aestuarii, a common marine green sulphur bacterium, reduced only small amounts of DMSO in the light as well as in the dark (Table 1) .
Addition of sulphide and DMSO to cells of R. euryhalinum resulted in a rapid and linear formation of DMS in the light and in the dark (data not shown). In contrast to C. vibrioforme, the amount of DMS produced by R. euryhalinum was higher in the dark than in the light, while less than 10% of the DMSO was also reduced in samples without sulphide (Table 1) . This could be due to storage compounds being oxidized in the dark with DMSO as an electron acceptor. With acetate (5 mM) as electron donor, R. euryhalinum reduced DMSO (0.5 mM) almost completely in the light and in the dark as well (data not shown).
Characterization of DMSO reduction with sulphide by R. euryhalinum
Phototrophic reactions. Fig. 2 oxidized while the total DMS concentration increased up to 0.21 mM. The concentration of DMS remained almost constant without the presence of sulphide, polysulphides and thiosulphate in the culture medium.
It is assumed that DMSO was used as an electron sink for excess reducing equivalents in the phototrophic process. The oxidation of sulphide, polysulphides and thiosulphate was only partly linked to the reduction of DMSO. However, the cells reduced DMSO in the light during the oxidation of reduced sulphur compounds, and DMS was liberated.
Chemotrophic reactions. Sulphide was oxidized by R. euryhalinum even in the dark (Fig. 2b ), but at a slower rate [3*7 pmol sulphide h-' (mg protein)-']. The linear sulphide oxidation correlated with the production of polysulphides and the reduction of DMSO to DMS. The main polysulphide species had an HPLC retention time of 23.5 min and may correspond to disulphide (J. Rethmeier, unpublished). It was not possible to calibrate the polysulphide because a standard polysulphide solution always contains more than two particular polysulphides according to chemical reactions (data not shown). For this reason, the amount of produced polysulphide is indicated in area counts.
DMSO was reduced to DMS at a constant rate [2-9 pmol h-l (mg protein)-']. When DMSO was almost completely reduced to DMS after 300 min incubation time, the oxidation of sulphide and the formation of polysulphides stopped. After a lag of 60 min, sulphide oxidation started again and polysulphides were released at the same time. It is not known to what electron acceptor the released electrons from sulphide were transferred after depletion of DMSO. Thiosulphate was not utilized in the dark, and elemental sulphur did not appear in the culture medium during the whole incubation. In a sterile control with DMSO (0.5 mM) and sulphide (1.0 mM), neither elemental sulphur nor polysulphides could be detected.
Assuming the formed polysulphide is disulphide, the reactions could be summarized by
(3) Comparing the sulphide oxidation and DMSO reduction rates, more DMSO was reduced than sulphide was oxidized. One explanation for this behaviour would be that part of the DMSO was reduced by excess reducing equivalents or storage compounds, as already mentioned before (Table 1) . Rhodovulum sulfidophilum, a closely related species to R. euryhalinum, probably accumulates poly-P-hydroxybutyrate (PHB) when grown anaerobically in the light with acetate DMSO reduction by anoxygenic phototrophs (Hansen & Veldkamp, 1973) . R. euryhalinurn was precultured anaerobically with acetate and sulphide in the light: it is therefore possible that the cells had built up PHB before they were used in the experiments. Table 2 shows that sulphide supported slight chemotrophic growth of R. euryhalinum with or without DMSO. Comparing these data, growth was not faster in samples incubated with sulphide and DMSO, but sulphide was completely consumed only in the presence of DMSO. DMSO was linearly reduced to DMS (data not shown), and the stoichiometry of reduced DMSO and consumed sulphide followed the equations (1-3) described above. The partial oxidation of sulphide without DMSO in the culture medium had already been observed before (Fig. 2b) . The mechanism of sulphide oxidation without external electron acceptor is still unclear, and the slight growth of the cells with only sulphide is not well understood either.
Growth of R. euryhalinum with sulphide and DMSO in the dark
Part of the DMSO was even reduced without sulphide, probably due to the oxidation of storage substances as mentioned before. The growth of the cells with DMSO as sole substrate was comparable to the growth of the cells with sulphide and DMSO, indicating that sulphide oxidation with DMSO as electron acceptor is only weakly used for energy conservation processes.
DISCUSSION
Many species of the purple non-sulphur bacteria (Rhodospirillaceae) are known to have a DMSO reductase activity. Ferguson et al. (1987) extensively discussed the role of DMSO and other alternative electron acceptors in the metabolism of the Rhodospirillaceae although some questions remain unanswered. So far, no report exists to our knowledge about DMSO reduction by other families of anoxygenic phototrophic bacteria, especially by the purple sulphur bacteria (Chromatiaceae) and green sulphur bacteria (Chlorobiaceae). These bacteria are usually found in marine coastal habitats with high area-specific sulphur emissions called sulphureta (de Wit, 1992) . DMS emissions in these habitats are particularly high (Steudler & Peterson, 1984; Jargensen & OkholmHansen, 1985; Dacey et al., 1987; Kiene, 1988) .
Our results show that DMSO was reduced to DMS by R. euryhalinum and C. vibrioforme strain DSM 8327, using sulphide and thiosulphate as electron donors and showing different reaction patterns.
The light-induced reduction of DMSO with thiosulphate and sulphide by C. vibrioforme (Fig. 1) is probably based on a special function in the phototrophic processes. Ferguson et al. (1987) assumed that electron acceptors like DMSO may serve as auxiliary oxidants to maintain an optimal redox poise of the photosynthetic electron transport chain in anoxygenic phototrophic bacteria. So far, nothing is known about enzymes of DMSO reduction in Chlorobiaceae. In Rhodobacter capsulatus, the DMSO reductase is a periplasmic enzyme and is involved in respiratory electron transfer (McEwan et al., 1991a) . The DMSO reductase of Hyphomicrobium EG is immunochemically related to the DMSO reductase of Rhodobacter capsulatus and is also located in the periplasm (Hatton et al., 1994b) . The authors suggest the DMSO reduction in Hyphomicrobium is linked to a proton-translocating respiratory chain as well. A second type of DMSO reductase exists in Escherichia coli: the enzyme is membranebound, operates on the cytoplasmic side and also terminates a proton-translocating respiratory chain (Weiner et al., 1992) .
R. euryhalinum used DMSO as an electron acceptor during the chemotrophic oxidation of sulphide to polysulphides (Fig. 2b) . Visscher et al. (1990) have
shown that polysulphides are a major pool of reduced sulphur in marine sediment ecosystems. The oxidation of sulphide and polysulphides to elemental sulphur, a reaction which occurred immediately in the light (Fig.  2a) , is strongly inhibited in the dark (Fig. 2b) .
The oxidation of sulphide with DMSO as an electron acceptor only weakly supported growth of R. euryhalinurn (Table 2) . Therefore, DMSO reduction by sulphide could be a strategy of the cells to gain energy for maintenance processes by anaerobic respiration during periods of darkness. Alternatively, the oxidation of sulphide with DMSO could protect the cells from toxic sulphide concentrations. Sulphide dominates in sulphidic environments, especially in the dark (Rethmeier, 1995) . Unfortunately, at the moment no data exist about DMSO concentrations in sulphidic environments.
Another Rhodouulum species with a high tolerance to sulphide, R. sulfidophilum strain DSM 1374 (formerly Rhodobacter sulfidophilus), reduced DMSO to DMS in the dark with thiosulphate as electron donor as well, although the released DMS was immediately oxidized when the cells were incubated in the light (C. Vogt, unpublished observations). In R. sulfidophilum strain SH 1, Hanlon et al. (1994) detected two distinct enzymes for DMS oxidation and DMSO reduction. Therefore, reduction of DMSO with reduced sulphur compounds is probably a common capability of anoxygenic phototrophic bacteria which have a DMSO reductase activity and are highly tolerant to sulphide and other reduced sulphur compounds.
There are some reports of anoxygenic phototrophic bacteria able to oxidize DMS photo-or chemotrophically to DMSO (Zeyer et al., 1987; Visscher & van Gemerden, 1991; Hanlon et al., 1994; Kelly et al., 1994 ). Most of the described DMS-oxidizing phototrophs are tolerant to higher concentrations of sulphide, indicating that these bacteria can reduce DMS emission rates in sulphidic environments.
The data presented in this study indicate that the role of anoxygenic phototrophic bacteria in the organosulphur cycle in sulphidic habitats might not be restricted to photo-or chemotrophic oxidation of DMS to DMSO. These bacteria are able to use DMSO as electron acceptor as well, releasing DMS in the dark and even under phototrophic conditions in the light -a reaction which could contribute to DMS emission in sulphidic habitats.
